The resurrection plant Myrothamnus flabellifolia has the ability to recover from repeated prolonged and extreme desiccation cycles. During the dry state the inner walls of the xylem vessels seemed to be covered, at least partly, by a lipid film as shown by Sudan III and Nile Red staining. The lipid film apparently functioned as an ' internal cuticle ' which prevented the adjacent parenchyma ray cells from complete water loss. The hydrophobic nature of the inner xylem walls was supported by the finding that benzene ascended as rapidly as water in the xylem of dry Myrothamnus branches. On watering, numerous lipid bodies were found in the water-conducting vessels, presumably formed from the lipid film and\or from lipids excreted from the adjacent living cells into the vessels. The presence of lipid bodies within the vessels, as well as the hydrophobic properties of the inner xylem walls, could explain the finding that the xylem pressure of hydrated, well watered plants (measured both under laboratory and field conditions with the xylem pressure probe) never dropped below c. k0.3 MPa and that cavitation occurred frequently at low negative xylem pressure values (k0.05 to k0.15 MPa). The xylem pressure of M. flabellifolia responded rapidly and strongly to changes in relative humidity and temperature, but less obviously to changes in irradiance (which varied between 10 and c. 4000 µmol m −# s −" ). The morphological position of the stomata in the leaves could explain the extremely weak and slow response of the xylem pressure of this resurrection plant to illumination changes. Stomata were most abundant in the furrows, and were thus protected from direct sunlight. Simultaneous measurements of the cell turgor pressure in the leaf epidermal cells (made by using the cell turgor pressure probe) revealed that the xylem and the cell turgor pressure dropped in a ratio of 1 : 0.7 on changes in the environmental parameters, indicating a quite close hydraulic connection and, thus, water equilibrium between the xylem and cellular compartments. An increase in irradiance of c. 700 µmol m −# s −" resulted in a turgor pressure decrease from 0.63 to 0.48 MPa. Correspondingly, the cell osmotic pressure increased from 1.03 to 1.22 MPa. From these values and by assuming water equilibrium, the osmotic pressure of the xylem sap was estimated to be 0.25-0.4 MPa. This value seems to be fairly high but may, however, be explained by the reduction of the water volume within the vessels due to the floating lipid bodies.
from erosion of granite and the roots never penetrate their substrate by more than a few centimetres.
The plants are regularly subjected to severe drought during the dry months (Apr.-Nov.), but become repeatedly active during the rainy season in a very short time (even after very long periods in the dry state which can frequently last 2 yr ; Hoffmann, 1968 ; Vieweg & Ziegler, 1969) .
During drought, the plants nearly desiccate entirely, without shedding their leaves which dry and fold closely to the stems, like folded fans. In the ' dry ' state the living apical shoots (from the tip to the third node) have been found after oven drying to contain as little as 7-11 % water by weight ; during this period the plants show a dull grey-brown colour (Thoday, 1921 ; Child, 1960) . After rain, water is only available for a short time because of run-off from the granite. The leaves rehydrate very quickly, unfolding to expose the bright green adaxial surface. Transpiration can be measured after 30 min (Jones, 1992) and photosynthesis after c. 4 h, presumably because of specific ultrastructural adaptations of the leaf cells (e.g. Wellburn & Wellburn, 1976) . Maximum photosynthetic activity is reached after c. 8 h if the ambient temperature is c. 30mC (Gu $ ndel, 1968) . When ' revived ' in water, the apical green shoots have been found to contain 70-75 % water after c. 36 h (Child, 1960) .
The mechanisms by which the leaves of this resurrection plant are able to withstand prolonged and extreme desiccation are not known. Biochemical studies have shown that a number of important soluble enzymes remain potentially active in the desiccated tissue (Kluge, 1976) , and the chlorophyll and carotenoid content of the leaves of M. flabellifolia is unchanged during desiccation and rehydration (Hoffmann, 1968) . Osmoprotection of the leaf cells during the dehydration process is achieved by trehalose (Crowe et al., 1984 ; Goldsworthy, 1992 ; Drennan et al., 1993) , sucrose, arbutin (Suau et al., 1991) and particularly by glucopyranosyl-β-glycerol (Bianchi et al., 1993) . Glucosyl-glycerol is osmotically a very active substance in cyanobacteria and has been directly correlated with salt resistance (Richardson et al., 1983 ; Warr et al., 1985 ; Hagemann et al., 1987 ; Stal & Reed, 1987 ; Erdmann et al., 1992) .
The occurrence of numerous lipid bodies in the root hair and root tip zone as well as in mesophyll cells and in the vascular tissue also appears to be involved in the desiccation tolerance of M. flabellifolia, probably because they help to maintain the spatial distribution between the organelles of the desiccated cells (Goldsworthy, 1992 ; Wilson & Drennan, 1992) .
While the biochemical and physiological aspects of desiccation tolerance of M. flabellifolia and other poikilohydric plants have been studied in detail (see reviews by Bewley & Krochko (1982) and Hartung et al. (1998) ), almost no information is available on the biophysical aspects of the refilling process of the dry xylem vessels (but see Gaff, 1977 ; Goldsworthy, 1992 ; Sherwin et al., 1998) . Equally little is known about the long-distance water and solute transport in hydrated, green plants of M. flabellifolia, their diurnal dependence on environmental factors, and the role that lipid bodies might play in long-distance transport during a rehydration-dehydration cycle.
Whereas the process of refilling the dry vessels of M. flabellifolia is studied in detail (H.-J. Wagner et al., unpublished) , the objective of this paper was to measure the water relations of hydrated plants in relation to environmental factors, on single xylem vessels and at the cellular level, by using the xylem pressure and cell turgor pressure probe techniques. The measurements revealed that the xylem and turgor pressure were subjected to diurnal changes, but that the magnitude of the pressure changes was much less than expected, owing to cavitation at relatively low negative pressures, presumably because of the presence of lipid bodies within the vessels.
  

Plant material and environmental conditions
The field studies were carried out during March, 1997 . Hydrated or completely dehydrated plants of M. flabellifolia Welw. (on average 20-50 cm tall) were collected from a north-west facing granite outcrop close to Outjo, Namibia. The collection procedure was performed very carefully to avoid massive damage to the roots. The roots (together with the adhering soil) were placed in water-filled pots and transferred immediately to the Bergplaas Paresis farm located about 10 km from the collection site. The farm facilities allowed the outside installation of three (vibration-free) xylem pressure probe setups, one being exposed to bright sunlight (A), while the other two (B and C) were located in the shade. Setup B could be illuminated with natural light by using large mirrors (c. 0.8i1.4 m#).
The microclimate at the farm (particularly at A) was very similar to the environmental conditions at the collection site of the plants. Due to the rainy season the weather conditions were very variable. At A, irradiances of up to 4000 µmol m −# s −" were measured. The ambient temperature varied between 19-32mC in the shade during daytime and sometimes dropped to about 9mC during the night. At A, temperatures of up to 40-45mC were measured in the sun which were comparable with those at the collection site. The relative humidity (rh) varied between c. 10-43 % on rain-free days. Frequently, heavy rainfalls occurred during the afternoon, resulting in a temperature decrease of c. 15mC and an increase to c. 90 % rh.
The ambient temperature, relative humidity (both determined in the shade) and the photon irradiance were recorded continuously at the measuring sites by using thermocouples (RS Components, Mo$ rfeldenWalldorf, Germany), spherical quantum sensors (LI 193 SA, Li-Cor Inc., Lincoln, NE, USA) and hygro-thermosensors (rotronic YA-100, Rotronic AG, Bassersdorf, Switzerland), respectively. These devices were connected to a datalogger (LI-1000, Li-Cor Inc.). In addition, readings of irradiance, temperature and relative humidity were performed frequently close to the measuring sites with a lightmeter and a hygro-thermometer (LI 189 SA, Li-Cor Inc. and Testo 610, Testo GmbH, Lenzkirch, Germany, respectively).
About 20 intact (green and dry) plants were transferred to Wu$ rzburg, Germany, and were kept there in standard potting compost mixed with sand and covered with pieces of granite taken from the collection sites at Outjo. Dry plants could be ' revived ' within 2 wk when the entire plants were enclosed in plastic bags to maintain 100 % rh during the rehydration process.
Green plants were used for combined xylem and turgor pressure measurements during the following 8 months. Laboratory experiments were conducted under light and humidity conditions resembling those of the field studies during the morning and evening.
Xylem pressure probe
The principle, function and possible pitfalls of the xylem pressure probe have already been described elsewhere (Zimmermann & Balling, 1989 ; Balling & Zimmermann, 1990 ; Benkert et al., 1991 ; Zimmermann et al., 1993 ; Schneider et al., 1997a) . In brief, the probe consisted of a microcapillary sealed to a small Perspex chamber. The whole system was filled with deionized and denucleated\degassed water. A water-wettable pressure transducer mounted in the perspex chamber recorded pressure. For measurements, the microcapillary of the probe was slowly advanced through the tissue of a green Myrothamnus branch using a micromanipulator. Penetration of a vessel was detected by a sudden decrease in pressure from (above-) atmospheric to sub-atmospheric (positive or negative) values (tests using dye-filled probe capillary tips revealed xylem staining as reported elsewhere ; see e.g. Benkert et al., 1991) . The advance of the microcapillary was then stopped immediately. To determine whether the inserted tip was unobstructed and placed in the lumen of a large vessel, volume (pressure) pulses were frequently injected by appropriate displacement of the metal rod (introduced via a pressure-tight seal into the Perspex chamber ; see Balling & Zimmermann, 1990) . A rapid dissipation of the pressure pulse indicated that the probe sensed the xylem pressure correctly.
Cell turgor pressure probe
The construction and function of the cell turgor pressure probe resembles that of the xylem pressure probe and has been described extensively elsewhere (Zimmermann et al., 1969 ; Zimmermann, 1978 Zimmermann, , 1989 . The microcapillary of the probe (filled to the tip with silicon oil) was inserted into a single cell of the abaxial leaf epidermis. The turgor pressure pushed the cell sap into the microcapillary tip, leading to the formation of an oil-sap meniscus. The meniscus was kept at a constant position by appropriate displacement of the metal rod, thus allowing the continuous and accurate reading of the turgor pressure.
Cell osmotic pressure
Sap from leaf cells was extracted by means of oilfilled microcapillaries and its osmotic pressure was determined by using a picolitre osmometer as described by Tomos et al. (1994) .
Transpiration rate
The transpiration rate of entire plants and of excised green branches under field and laboratory conditions was determined by weighing (balance from Sartorius AG, Go$ ttingen, Germany). Measurements of stomatal conductance and\or leaf temperature were not possible because of the small size and grooved architecture of the leaves.
Staining and microscopy
To study the distribution of lipid bodies within the plant tissue, transverse and longitudinal free-hand sections of cut dry or green branches were made with Teflon-coated razor blades.
The lipophilic dyes, Sudan III and Nile Red, dissolved in isopropanol\glycerin, were used for staining the lipid bodies (Frohne, 1974 ; Greenspan et al., 1985) . These dyes react by diffusion into the lipophilic substances. In the presence of water Sudan III rapidly crystallizes if diffusion into the organic phase is not possible. After a few minutes of exposure Sudan III led to an orange-red staining of lipid substances. The contrast of the stained lipid bodies in the branch sections in relation to the background staining could be greatly enhanced when the specimens were pre-stained with a 0.05 % Toluidine Blue O solution (O'Brien et al., 1964) . Application of Nile Red resulted in a yellow fluorescent staining of lipid bodies which was monitored at a wavelength of 450-490 nm using conventional fluorescence microscopy equipped with a photography device (Axiophot, Zeiss, Oberkochen, Germany). Application of Sudan III to sections pre-stained with Nile Red resulted in the extinction of the yellow fluorescence indicating that both dyes diffused into the same lipid compartments.
Solvent-loading experiments
To investigate the hydrophobic character of the inner walls of conducting xylem vessels, dry branches of M. flabellifolia were placed both in benzene and water (solvent height in the containers : c. 3 cm). The rise kinetics of the solvents were determined as follows. After defined time intervals the branches were removed from the bath and rapidly cut into small slices (from the tip towards the cut end). The front of the ascending solvent could easily be detected by eye because the refraction of light resulted in colour change of the wood.

Lipid bodies in the xylem
Staining was performed by placing dry (still living) or green branches of various length into the Sudan III or Nile Red solutions. In dry branches, the dye solutions ascended only by c. 1.5 cm in the large xylem vessels (c. 35 µm in diameter ; see also Carlquist, 1976) even after an exposure time of 1 d, presumably because of their high viscosity. Consistently with this observation, leaf expansion was not observed for these branches. Because of the slow ascent of the dye solution in the xylem vessels of the branches, staining was carried out most frequently with transverse or longitudinal sections.
In agreement with the literature (Wilson & Drennan, 1992) numerous lipid bodies were found in the mesophyll cells, the vascular tissue, the phloem and the surrounding parenchyma cells as well as in the uniseriate parenchyma ray cells (which extended within the xylem tissue most abundantly) of hydrated stems. However, careful inspection of transverse and longitudinal sections of hydrated branches showed that numerous lipid bodies (2-8 µm diameter) were also present in the xylem lumina (Fig.  1a) , apparently distributed randomly up to the tip of each branch. In longitudinal sections of the branches many lipid bodies adhered to the inner walls of the xylem vessels in a pearl-chain-like manner.
Dry branches immediately exposed to the dye solutions showed only a few (if any) very small lipid droplets in the xylem lumina, but a large amount of lipid in the ray cells (Fig. 1b) . When the cut ends of dry branches were exposed to water for a few seconds, subsequent staining revealed that the inner walls of the xylem vessels were, at least partly, covered with a thin lipophilic film (Fig. 1b) . Most of the vessels were still empty of lipid bodies, but many pits contained lipid substances, leading to tiny droplets on the inner xylem wall surface. Apparently, the lipid bodies observed in the xylem lumina of green branches originated from these patchy lipid deposits on the inner xylem wall surfaces or in the pits of dry branches after water contact. However, excretion of lipids from the adjacent tissue cells also seemed likely.
Experiments were conducted to rule out the possibility that the introduction of lipid bodies in the vessels during the cutting procedure was an artefact due to the destruction or squeezing of the ray cells that are located in the neighbourhood of the xylem vessels, and which contain many lipid bodies (Fig.  1) . Such a possibility could not be excluded a priori because many bodies drifted to the upper part of the sections owing to their density being lower than that of water. This was one of the main reasons why it was difficult to reveal quantitatively whether there was a length-dependent gradient in the concentration of the lipid bodies within the xylem conduit.
There were several observations which made it unlikely that the presence of lipid bodies within the vessels of green Myrothamnus branches was an artefact. First, when Sudan III solution was sucked through stem pieces several centimetres in length by means of a hand vacuum pump, microscopical crosssections showed several stained lipid bodies adhering to the vessel walls, whereas the xylem parenchyma cells remained unstained.
Second, injection of Sudan III into a vessel of a green branch via the xylem pressure probe again showed (after fast sectioning and microscopic inspection) occasionally stained bodies but no staining of the parenchyma cells. Apparently, in this type of experiment the difficulty was to inject sufficient amounts of dye into the probed vessel in order to stain a great number of bodies, because most of the dye injected presumably crystallized immediately upon contact with the aqueous xylem sap (see the Materials and Methods section).
Third, cut green Myrothamnus branches were treated long-term with Sudan III and, additionally, saturated sorbitol solutions were used to keep the lipid bodies in their position within the vessels during the cutting process. Saturated sorbitol solutions tend to form a glass-like state, since crystallization is slow. Thus, the staining and ' stabilization ' procedure occurred as follows. Green Myrothamnus branches were exposed for 1 d to a Sudan III solution and then for a further 2 d to a saturated sorbitol solution. After this treatment transverse or longitudinal sections were made and viewed immediately (after addition of a very small amount of water) under the microscope. With this treatment, stained parenchyma ray cells, but only unstained lipid bodies were found in the xylem vessels several centimetres away from the cut end (this pattern presumably occurred because of the favoured diffusion of Sudan III in the continuous lipid phase of the parenchyma cells). The unstained lipid bodies always turned red within a few minutes after addition of Sudan III solution. This finding unequivocally demonstrates that the lipid bodies found in the The plant was subjected to repeated irradiance changes (between 10 and 700 µmol m −# s −" ; see upward-and downward-pointing arrows, respectively) which resulted in pronounced local short-term changes in temperature and relative humidity in addition to the average changes of 2-3mC and c. 10 %, respectively. Note the occurence of relatively large short-term fluctuations in xylem pressure, particularly at high irradiance. (b) Xylem pressure recording of a plant in a Perspex climate chamber in which rapid changes in relative humidity due to changes in irradiance were almost entirely suppressed. Downward-and upward-pointing arrows indicate changes of the irradiance to 240 and 10 µmol m −# s −" , respectively. As a result, the relative humidity changed by c. 9 % and the temperature changed by 2-3mC. Note the absence of pronounced short-term fluctuations in xylem pressure for this type of experimental setup. Both experiments showed similar changes in xylem pressure despite different changes in irradiance, but in accordance with similar changes in ambient temperature and relative humidity. vessels did not arise from damage of the adjacent parenchyma cells, because in this case they too would have had to be stained.
Hydrophobic properties of the inner xylem walls
Support for these conclusions that the inner walls of the xylem vessels of dry, but still functioning (i.e. conducting) branches were covered (at least partly) with lipophilic substances, came from experiments in which the rise time of benzene was compared with that of water. As shown in Fig. 2 , benzene ascended as rapidly as water in the xylem vessels of dry branches. This result would only be expected if the inner walls of the xylem vessels were not completely wettable with water. 
Xylem pressure measurements
The xylem pressure probe measurements also gave some indications of the presence of lipid bodies within the vessels and\or of the hydrophobicity of the inner xylem walls. In contrast to other plants and trees (e.g. Zimmermann et al., 1993 ; Benkert et al., 1995) plants (Benkert et al., 1995 ; Zimmermann et al., 1995a,b ; Schneider et al., 1997a ; Thu$ rmer et al., 1999) . Typical measurements of the xylem pressure performed under various conditions in the laboratory are shown in Fig. 3 . When a vessel of a well hydrated plant was punctured a pressure drop to positive subatmospheric or slightly negative values was observed as reported for other plants and trees. However, as shown in Fig. 3a , small fluctuations of the xylem pressure were observed very frequently at a low irradiance (10 µmol m −# s −" ; 44-50 % ambient rh ; ambient temperature 26-27mC). The amplitude of these fluctuations increased significantly when the irradiance was increased to 700 µmol m −# s −" (33-37 % rh ; ambient temperature 29mC). Under field conditions, such xylem pressure fluctuations were always observed. They occurred much more frequently (even in the positive, subatmospheric range) and were even more pronounced than under laboratory conditions (amplitudes c. 0.01-0.02 MPa ; Figs 4, 5). Similar observations had been made previously during xylem pressure probe measurements in leaves of an Anacardium excelsum tree at 35 m (Zimmermann et al., 1993) .
These fluctuations were presumably induced by rapid local changes of the relative humidity (and temperature) on the leaf surfaces. Support for this conclusion was obtained by laboratory experiments (Fig. 3b) in which the M. flabellifolia plants were transferred to a closed climate chamber in which such fast local changes in relative humidity as a response to increased irradiance were almost entirely suppressed. It is clear from Fig. 3b that in this case, the short-term fluctuations in xylem pressure almost completely disappeared, independent of whether the xylem pressure was in the negative or positive subatmospheric range. Fast local variations of ambient temperature and\or relative humidity induced by opening the climate chamber were almost instantaneously reflected in corresponding small changes in xylem pressure (data not shown). Fig. 3a ,b also shows that the xylem pressure of M. flabellifolia responded to a light : dark regime much more slowly than other plants (Schneider et al., 1997a,b ; Wegner & Zimmermann, 1998) . A new steady state value was only reached after c. 1-2 h. Furthermore, the final xylem pressure value established after the illumination change did not depend very strongly on the irradiance. On average, values of k0.2 to k0.3 MPa were recorded both at irradiances of 240 and 700 µmol m −# s −" (Fig. 3a,b) . Thus, the xylem pressure changes were determined by the respective changes in temperature and humidity which were comparable (2-3mC and c. 10 %, respectively) in both experiments.
Under field conditions, diurnal changes in the xylem pressure of M. flabellifolia were observed. They depended very strongly on the relative humidity (and temperature), but less on the irradiance, as shown in Figs 4 and 5.
Typical diurnal xylem pressure changes recorded at the measuring site exposed to direct sunlight (A) are shown in Fig. 4 . Probing of a vessel at c. 18.00 hours revealed that the xylem tension was rather low. Although the irradiance was still quite high (c. 1700 µmol m −# s −" ) the pressure was in the sub-atmospheric positive range (j0.02 MPa ; c. 25mC ambient temperature and c. 27 % rh). After probing the xylem pressure increased continuously to more positive values within the next 2 h. The rapid decrease in irradiance recorded between 18.30 and 19.00 hours was not reflected in the kinetics of xylem pressure increase. Rather, the relatively slow increase in the relative humidity and decrease in temperature appeared to control the increase in xylem pressure. After c. 20.00 hours the xylem pressure remained nearly constant, presumably because of a transient decrease in the relative humidity which counteracted the steadily decreasing temperature. At midnight a further small increase in xylem pressure was observed until the atmospheric value was almost reached before sunrise (at c. 06.40 hours ; irradiance close to zero ; ambient temperature 8mC ; ambient relative humidity c. 75 %). At this time, the leaves were covered with dew.
Between 07.00 and 08.00 hours, the apparatus became increasingly exposed to sunlight whereas the xylem pressure remained nearly constant in the positive, sub-atmospheric pressure range. During the following hour, the irradiance rapidly increased from 250 to 2200 µmol m −# s −" . A new probe insertion at 08.18 hours (i.e. 1.5 h after sunrise) showed accordingly that xylem tensions increased continuously. At this time the dew had completely disappeared, and along with increasing irradiance the temperature increased and the ambient relative humidity continuously decreased to 28mC and 20 %, respectively. Despite these dramatic changes in the environmental parameters the average kinetics of the xylem pressure changes increased only slightly, as seen from extrapolation of the xylem pressure curve to the value recorded when a new vessel was probed at 11.10 hours. Probing of a new vessel was necessary because of cavitation (followed by a leak) at 10.40 hours in the course of the foregoing xylem pressure reading. Cavitation occurred quite frequently at this time of day presumably because of vibration of the inserted microcapillary by gusty winds. At this time the xylem pressure had reached a value of c. k0.04 MPa. The new recording (which also ended in cavitation after some minutes and is, therefore, depicted as single symbol) indicated that the xylem pressure was of the order of k0.11 MPa as expected from an almost linear drop in xylem pressure.
Irradiance and temperature reached their maximum values of 2800 µmol m −# s −" and 28mC, respectively, between 13.00 and 15.00 hours. Correspondingly, the relative humidity had reached its minimum value of c. 10 %. Probing of vessels around noon until early afternoon revealed positive, subatmospheric values (data not shown), which suggested that cavitation had occurred in many vessels. Negative values of c. k0.05 MPa could be recorded again around 16.00 hours. However, without exception, these measurements ended in cavitation as a result of vibrations of the impaled microcapillary due to wind gusts. Probing of a vessel at c. 17.20 hours resulted in a long-term measurement which yielded a similar, almost linear increase in xylem pressure to positive, sub-atmospheric values as observed in the evening of the previous day (see first part of Fig. 4) . At the time of probing the irradiance, temperature and relative humidity all exhibited similar values to those at c. 10.00 hours. Consistent with this, a similar xylem pressure value to that in the morning (k0.025 MPa) was recorded. This and the nearly linear changes of the xylem pressure during the morning and the late afternoon justified an estimation of the xylem pressure around noon by linear extrapolation of the appropriate data points. This yielded xylem pressure values between k0.2 MPa and k0.3 MPa at noon (Fig. 4, dashed line). These values agreed well with the cavitation threshold measured under laboratory conditions (see previously). Another important conclusion can be drawn from Fig. 4 . The inverse relationship between ambient temperature and xylem pressure (as also found in many other experiments) gave a clear-cut indication that typical short-term fluctuations in xylem pressure did not result from significant clogging of the microcapillary tip of the probe, since in this case a reverse relationship between ambient temperature and xylem pressure would be expected. Therefore, measurements in which both parameters changed in parallel were discarded because of apparent clogging of the tip. Fig. 5 shows a typical measurement performed at the measuring site in the shade (C). Probing of a vessel occurred in the early evening (c. 18.20 hours) when the plant was exposed for a short time to the evening sun (irradiance 870 µmol m −# s −" , temperature 31mC, 32 % rh). Within the following hour, the irradiance decreased to almost zero and remained there until noon the following day when the longterm measurement ended by cavitation, followed by a leak. Temperature and relative humidity showed diurnal changes which resembled those measured at A. Therefore, only some of the data points of these two parameters are given in Fig. 5 .
Despite the large differences in irradiance, similar diurnal changes in xylem pressure were recorded as for the sun-exposed plant of Fig. 4 . This was particularly evident if the xylem pressure decrease in the morning was considered. The increase in tension coincided with the decrease in relative humidity and the increase in temperature. Almost the same negative pressure values were recorded as in the sunexposed plant when temperature and relative humidity had reached the same values.
These results show that under field conditions the irradiance was apparently not the most important parameter for the xylem pressure response. Obviously, xylem pressure changes appeared, on average, to be coupled more strongly to relative humidity and temperature. These conclusions were supported by comparison of the data obtained by other experiments performed at the sun-exposed setup, A, at the setup in the shade, B (which could be exposed to natural irradiance by appropriate positioning of a mirror) and at setup C (kept in the shade until late afternoon). In Fig. 6 cumulative plots of the xylem pressure data are given measured with the sun-exposed setup, A, depending on the irradiance, the ambient temperature and the relative humidity. Average xylem pressure values ranged only between j0.1 MPa and k0.1 MPa for irradiances up to c. 3000 µmol m −# s −" . For this setup, the xylem pressure showed a clearcut dependence on all environmental parameters measured. The sole influence of the irradiance on the xylem pressure becomes obvious from similar correlations for the shaded setups B and C which are presented in Fig. 7 . It is quite obvious that the differences in xylem pressure readings between the three setups were rather small despite large differences in irradiance. A sudden increase of the irradiance at B by rearrangement of the mirrors did not affect the xylem pressure significantly (except for a transient change induced by a change in temperature). Thus, no dependence of the xylem pressure on irradiance can be seen from the respective cumulative plot shown in Fig. 7a . In agreement with this and Figs 4 and 5, xylem pressures down to k0.15 MPa could be recorded sometimes at very low irradiance provided that the relative humidity was very low (c. 20 % ; see setup C, Fig. 7c ). The weak influence of irradiance on the xylem pressure was particularly evident from measurements at setup C (where the irradiance was c. 5 µmol m −# s −" throughout the day except in the evening ; see previously). Moreover, as shown in Fig. 7b ,c, an almost linear relationship existed between the xylem pressure and the relative humidity as well as the temperature.
Cell turgor and osmotic pressure measurements
Leaf cell turgor pressure measurements were carried out exclusively under laboratory conditions at three illumination levels (3-9, 600 and 1400 µmol m −# s −" ). The relative humidity and temperature were 20-40 % and 24-29mC, respectively, throughout the experiments. Transpiration rates were c. 0.05 and 0.1 g h −" g −" f. wt at irradiances of 10 and 600 µmol m −# s −" , respectively. These values compare with those measured under field conditions for entire plants if comparable light intensities and relative humidities were selected (0.03-0.05 g h −" g −" f. wt for shaded plants and 0.2 g h −" g −" f. wt for plants exposed to irradiances of c. 2000 µmol m −# s −" ). Turgor pressure was recorded in single cells of the lower leaf epidermis of hydrated plants within 1 d of watering. Measurements were performed 2-5 h after the irradiance had been changed (with respect to the very slow kinetics of xylem pressure adaptation ; see previously). The data are given in Table 1 . It is evident that turgor pressure dropped with increasing irradiance ; however, the changes were (analogous to the xylem pressure measurements) rather small. The decrease was c. 0.15 MPa when the irradiance was increased by 1400 µmol m −# s −" . Comparison of the xylem pressure and cell turgor pressure data recorded on exposure of the leaves to an irradiance of 600-700 µmol m −# s −" (Fig. 2) shows that apparently there was a 1 : 0.7 relationship between the decreases in xylem and turgor pressure (within the limits of accuracy). This conclusion was supported by other xylem pressure measurements performed under laboratory conditions (data not shown).
Cell osmotic pressure, additionally determined for the cells of the lower leaf epidermis for the same plants under comparable experimental conditions, increased from c. 1.0 MPa at low irradiance to c. 1.3 MPa at 1400 µmol m −# s −" (Table 1) .

M. flabellifolia showed diurnal changes in xylem pressure as reported for other plants under glasshouse or field conditions (Zimmermann et al., 1994a,b ; Benkert et al., 1995 ; Schneider et al., 1997a ; Thu$ rmer et al., 1999) . However, the data reported here showed that the xylem pressure was obviously ruled less by changes in irradiance than by changes in the relative humidity and temperature both in the laboratory and under native environmental conditions. This finding opposes the results obtained for the liana Tetrastigma voinierianum and sugarcane (Benkert et al., 1995 ; Thu$ rmer et al., 1999, and unpublished data) . However, evidence for a key role of relative humidity (and temperature) in xylem pressure regulation was also suggested by probe measurements in the leaves of an Anacardium excelsum tree (Zimmermann et al., 1993) .
A possible explanation for the weak influence of irradiance on xylem pressure under field conditions might be the extremely long time required to reach a new equilibrium state after changes in illumination. The laboratory experiments showed (Fig. 3a,b) that the equilibration time was in the order of 1-2 h, whereas the xylem pressure of many other plants investigated (e.g. maize, wheat, barley, tobacco, sugarcane, lianas ; Schneider et al., 1997a,b ; Wegner & Zimmermann, 1998 ; Thu$ rmer et al., 1999, and unpublished data) needed only a couple of minutes for the establishment of a new equilibrium state in response to changes in irradiance. Light-induced ' overshoot reactions ' of the xylem pressure reported for herbaceous and crop plants (Wegner & Zimmermann, 1998) were seldom observed for M. flabellifolia.
The extremely long response time of the xylem pressure of this resurrection plant upon illumination changes may result from the morphological position of the stomata in the leaves. The stomata appeared to be evenly distributed over the adaxial surface of the leaves. Calculation of stomatal indices, however, showed (Goldsworthy, 1992) that although stomata did occur on the ridges of the adaxial surface, they were most abundant in the furrows. On the abaxial surface, stomata occurred exclusively in the furrows. Furthermore, as the leaves were exposed to very low relative humidities or desiccated, epidermal cells shrunk markedly, causing the (still open) stomata to become sunken, further decreasing stomatal exposure (Goldsworthy, 1992) . This morphological feature should efficiently protect the open stomata against bright sunlight. Moreover, transpirational water loss may be significantly reduced because of the imbalance of humidity between the furrows and the leaf environment. This agrees with the conclusions of Goldsworthy (1992) who stated that the position of the stomata does not facilitate water conservation during desiccation, but may reduce the rate of drying.
Another explanation for our findings is that the ABA concentrations in the leaves of M. flabellifolia were found to be very high even at 100 % RWC (700-800 pmol g −" d. wt) compared with leaves of herbaceous plants such as tobacco (25-100 pmol g −" d. wt ; W. Hartung, unpublished) . Moreover, desiccation of the leaves to c. 35 % RWC only caused an increase in the ABA concentration by a factor of two at most (W. Hartung, unpublished) . Thus, stomatal aperture may be permanently ' clamped ' at a low level for the well watered resurrection plant, resulting in rather small changes of transpiration rate, even under great changes in environmental conditions (see the Results section).
Furthermore and most interestingly, the vascular patterning in the leaf apices of M. flabellifolia resembled that of leaves with hydathodes (Niedenzu & Engler, 1930 ; Grundell, 1933 ; Goldsworthy, 1992) . Although the main function of hydathodes is to mediate guttation (Kramer, 1983) , Goldsworthy (1992) gave evidence that the branched ' hydathodelike ' vein endings in the main vasculature of the leaves of M. flabellifolia were most likely to be involved in limited water uptake from the surrounding atmosphere during rehydration. Therefore, it is conceivable that rapid changes in the relative humidity in the neighbourhood of the ' hydathode-like ' structures occur, resulting in very rapid fluctuations of the xylem tension (see the Results section). Guttation is not reported in the literature for leaves of M. flabellifolia, which is in agreement with the probe measurements. The xylem pressure never exceeded j0.1 MPa in the dark or when the leaves were covered with dew. However, the plants used for our experiments were well watered ; it might be possible that the diurnal xylem pressure pattern is slightly different for plants at their natural site when the soil is subjected to rapid drying.
The features already mentioned may provide a reasonable explanation for the relatively weak and slow effects of irradiance on the xylem pressure and simultaneously for the typical short-term xylem pressure fluctuations of M. flabellifolia upon changes in the relative humidity.
Even though the anatomical studies of Goldsworthy (1992) and others present a reasonable explanation for the different effects of irradiance, relative humidity and temperature on xylem pressure, we are still confronted with the unusual finding that the total diurnal changes of xylem pressure under the strenuous native environmental conditions were much less than expected from our studies on other plants (e.g. in the liana T. voinierianum, Benkert et al., 1995 ; Zimmermann et al., 1995a,b ; Thu$ rmer et al., 1999 ; and in sugarcane and crop plants, F. Thu$ rmer et al., unpublished data ; Schneider et al., 1997a,b ; Wegner & Zimmermann, 1998) .
Theoretically, more negative stable xylem pressures are expected for hydrated plants of M. flabellifolia because of the relatively high turgor pressure values (c. 0.6 MPa). Because of the quite tight hydraulic link water equilibrium should exist between the vessels and the tissue cells at any time (Balling & Zimmermann, 1990 ; Zimmermann et al., 1995a,b ; Thu$ rmer et al., 1999) :
Eqn 1 and (P x kP am )kRT ln a x l P c kRT ln a c Eqn 2
(µ is the chemical potential of water and a is the activity of water ; the subscripts x and c denote the xylem conduit and the tissue cell compartment, respectively. P am is the respective ambient pressure. The gravitational term was neglected because of the small height of the plants.
If reduction of the water activity is envisaged by osmotically active (low molecular weight) solutes, the following equation holds :
Eqn 3
(π is the osmotic pressure). Eqn 3 shows that the xylem pressure is determined exclusively by the ' water potential ' of the cells, but not a priori by the transpiration rate (Balling & Zimmermann, 1990 ; Stahlberg & Cosgrove, 1995 ; Thu$ rmer et al., 1999) . Therefore, transpirational water loss will not disturb the water equilibrium state as long as it is compensated by a corresponding uptake of water through the roots. However, if water uptake through the roots becomes rate-limiting in response to an increase in the transpiration rate, a new water equilibrium state will be established very quickly by an appropriate decrease of P x and P c . According to Eqn 3 the change in both parameters should occur linearly if the osmotic pressure within the vessels and in the adjacent tissue cells remains constant. Otherwise, for example in the likely case that the cells shrink (because of a low elastic modulus of the cell walls and\or because of the large amount of oil within the cells which decreases the osmotically active volume considerably), the change in xylem pressure should be slightly larger than the change in turgor pressure. For M. flabellifolia plants a ratio of 1 : 0.7 was found along with an increase in the tissue osmotic pressure by c. 0.19 MPa when the illumination was increased by c. 700 µmol m −# s −" (at least under laboratory conditions). This finding supports the assumption that for this resurrection plant cell volume changes do occur, following changes in illumination. However, it has to be noted that the turgor pressure and osmotic pressure measurements were performed exclusively with cells of the lower leaf epidermis. It is possible that cells adjacent to the vessels exhibit a 1 : 1 relationship between xylem and turgor pressure changes. These cells are separated from the epidermis by the spongy parenchyma cells interrupted by air filled intercellular spaces (Goldsworthy, 1992) . Assuming the 1 : 0.7 ratio and considering an average turgor pressure of 0.6 MPa and a xylem pressure value around a vacuum for low irradiance, Eqn 3 predicts that the minimum stable xylem pressure should be c.k0.9 MPa when the turgor pressure becomes zero. As xylem pressure falls to lower values no equilibrium between the vessels and the cells can be established (Thu$ rmer et al., 1999) , and consequently the tension increases very rapidly until cavitation occurs.
The finding that the rise kinetics of benzene and of water were comparable showed very clearly that the adhesion forces between water and the walls should be relatively weak in M. flabellifolia. It is interesting to note that hydrophobic properties of the inner xylem walls seem to be a general feature because similar findings were described for other plants for the xylem and adjacent apoplastic spaces (Lewis, 1945 (Lewis, , 1949 Scott, 1966 ; Woolley, 1983 ; Jeffree et al., 1987 ; Laschimke, 1989 ; Laschimke & Laschimke, 1998) . In these cases, adhesive forces are more likely to limit xylem tensions than cohesive forces and, therefore, assessment of the maximum tensions attainable should consider adhesive as well as cohesive forces.
In the specific case of M. flabellifolia the magnitude of the xylem tension seemed to be further limited by the presence of the lipid bodies. It is well known (Laschimke, 1989 ; Yount, 1989 ; Smith, 1994) that hydrophobic oil droplets are favoured nucleation sites for gas bubble formation of water under tension.
The lipid bodies may also indirectly affect the osmotic pressure values of the xylem sap. By using the corresponding data points for the xylem and turgor pressure and the tissue osmotic pressure at different irradiances, an average value of the osmotic pressure of the xylem sap was estimated on the basis of Eqn 3 to be c. 0.25 MPa and 0.4 MPa at low and high illumination, respectively. These values are rather high. However, lipid bodies within the vessels lead partly to a reduction of the xylem lumen and, therefore, to a reduction of the water volume in which solutes can be dissolved ; thus higher osmotic pressure values are created. Moreover, changes in lipid density due to temperature variations may result in changes in osmotic pressure.
The function of the rather substantial lipid deposits within the water-conducting vessels is not completely clear although there are some indications (H.-J. Wagner et al., unpublished) that the lipids may play an important role in the refilling of the vessels with water after drought or cavitation. So far, it has not been possible to determine their chemical nature despite much effort, because technical difficulties appear while extracting appropriate amounts of lipid bodies from the vessels for chemical analysis without contamination with cellular lipids. Lipid bodies found in the parenchyma cells and in other parts of the tissue apparently consist of essential oils, such as diosphenol and eucalyptol (Gildemeister & Hoffmann, 1959 ; Da Cunha & de Lurdes Rodriguez Roque, 1974) . These compounds are very volatile and therefore it must be questioned whether lipid layers and lipid bodies within the xylem vessels have the same composition. Moreover, if the large amounts of lipids found in the parenchyma ray tissue solely consisted of essential oils, they would most probably have harmful effects on the living cells. The lipid bodies were apparently formed to a large extent when the vessels became wet. The finding that during the ' dry ' state the inner xylem walls were (at least partly) coated with a lipid layer suggests that these lipids serve as an ' internal cuticle ' in order to avoid complete water loss from the adjacent parenchyma ray cells to the xylem and, thus, irreversible cell damage. This would explain the finding that, even after long periods of drought and heating at up to 80mC (Thoday, 1921 ; Child, 1960 ; Gu$ ndel, 1968) , Myrothamnus branches still contain 7-11 % water.
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